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METHOD FOR RAPIDLY APPROXIMATING
SIMILARITIES

FEDERALLY-SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with Government support under
contracts GM062868 awarded by the National Institutes of

Health and contracts 0619926 and 0960306 awarded by the
National Science Foundation. The Government has certain

rights in this imnvention.

FIELD OF THE INVENTION

The present invention generally relates to the field of chem-
informatics. More particularly, the present invention relates
to a technique for rapidly approximating chemical similari-
ties.

BACKGROUND OF THE INVENTION

A Tundamental problem 1n cheminformatics 1s the calcula-
tion of similarity between two given molecules. As a conse-
quence, a large variety of similarity techniques exists. These
measures have as their underlying information content a vari-
ety of molecular properties, including various encodings of
molecular substructure, volume, and surface similarity and of
clectrostatic similarity. While many of the more complicated
techniques are able to uncover relevant chemical similarities
not found by simpler methods, they are often computationally
expensive to evaluate.

Many important algorithms 1n cheminformatics contain as
a critical subroutine these pairwise similarity comparisons.
For example, a database search against a single query (with-
out {ilters) amounts to the evaluation of a similarity measure
once for each database molecule. More complicated algo-
rithms, such as those for clustering or network construction,
may require the evaluation of a number of similarities qua-
dratic in the si1ze ofthe database, rather than linear. Evaluation
of similarities can be a bottleneck, limiting performance as
well as the size of problems that can be considered. While
fingerprint-style methods have been developed to approxi-
mate these similarity measures, they lack rigorous justifica-
tions of their accuracy.

A significant continuing trend in cheminformatics 1s the
increasing size of virtual chemical databases. Public libraries
listing known chemical matter, such as PubChem (31 million
molecules) and ZINC (34 million molecules), are routinely
used 1n database searches. Continuing advances 1n both com-
putational power and storage space enable the use of even
larger exhaustive and combinatorial databases. GDB13 1s an
exhaustive database enumerating all 970 million possible
compounds composed of 13 or fewer heavy atoms (C, N, O,
S, and Cl), according to simple stability and synthesizability
criteria. Virtual combinatonial libraries can similarly reach or
exceed the 10” molecule mark, even with as few as three or
four points of substitution. In the limait, it 1s believed that as
many as 10°° molecules are potentially synthesizable. The
combination of rapidly growing chemical libraries with com-
putationally difficult similarity metrics suggests a need for
dramatically faster methods of calculating chemical similar-
ity.

Algorithms for several emerging large-scale problems 1n
cheminformatics have as their rate-limiting step the evalua-
tion of relatively slow chemical similarity measures, such as
structural similarity or three-dimensional (3-D) shape com-
parison.
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2
SUMMARY OF THE INVENTION

In the present disclosure, methods and algorithms are pre-
sented that implement linear algebraic techniques for rapidly
estimating chemical similarities for several popular mea-
sures. The methods of the present mvention reflect source
similarity measures for both Tanmimoto calculation and rank
ordering. After a precalculation step on a database, the meth-
ods of the present mnvention afford several orders of magni-
tude of speedup in database screening. The present invention
also provides an asymptotic speedup for large similarity
matrix construction problems, reducing the number of con-
ventional slow similarity evaluations required from quadratic
to linear scaling.

The present mnvention describes a mathematical technique
that allows extremely rapid approximate evaluation of com-
pound similarity for a variety of different similarity measures.
In one application of interest, the calculation of an all-pairs
similarity matrix over a large number of compounds, the
present invention offers an asymptotic speedup in terms of the
number of similarity calculations required from quadratic to
linear scaling.

To be described 1s a mathematical dertvation of the meth-
ods of the present invention. Also, the accuracy of the present
invention at Tanimoto estimation and generalizability to vari-
ous similarity measures 1s presented. Also to be described 1s a
method that allows asymptotic speedup (1n terms of number
of slow similarity evaluations) on the quadratic-scaling prob-
lem of stmilarity matrix construction.

An embodiment of the present invention 1s called SCIS-
SORS (“SCISSORS Calculates Interpolated Shape Signa-
tures over Rapid Overlay of Chemical Structures (ROCS)
Space”).

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings will be used to more fully describe
embodiments of the present invention.

FIG. 1 1s a block diagram of a computer system on which
the present invention can be implemented.

FIG. 2 1s a flowchart of a method according to the present
invention.

FIG. 3 1s a graph showing results of the present invention.

FIG. 4 1s a graph showing results of the present invention.

FIG. 5 1s a graph showing results of the present invention.

FIG. 6 includes graphs showing results of the present
ivention.

FIG. 7 includes graphs showing results of the present
ivention.

FIG. 8 1s a graph showing results of the present invention.

FIG. 9 includes graphs showing results of the present
invention.

FIG. 10 includes graphs showing results of the present
invention.

FIG. 11 1s a flowchart of a method according to the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

Among other things, the present invention relates to meth-
ods, techniques, and algorithms that are intended to be imple-
mented 1n a digital computer system 100 such as generally
shown in FI1G. 1. Such a digital computer 1s well-known in the
art and may include the following.

Computer system 100 may include at least one central
processing unit 102 but may include many processors or
processing cores. Computer system 100 may further include



US 8,706,427 B2

3

memory 104 1n different forms such as RAM, ROM, hard
disk, optical drives, and removable drives that may further
include drive controllers and other hardware. Auxiliary stor-
age 112 may also be include that can be similar to memory
104 but may be more remotely incorporated such as 1n a
distributed computer system with distributed memory capa-
bilities.

Computer system 100 may further include at least one
output device 108 such as a display unit, video hardware, or
other peripherals (e.g., printer). At least one input device 106
may also be included in computer system 100 that may
include a pointing device (e.g., mouse), a text mput device
(e.g., keyboard), or touch screen.

Communications interfaces 114 also form an important
aspect of computer system 100 especially where computer
system 100 1s deployed as a distributed computer system.
Computer interfaces 114 may include L AN network adapters,
WAN network adapters, wireless interfaces, Bluetooth inter-
faces, modems and other networking interfaces as currently
available and as may be developed 1n the future.

Computer system 100 may further include other compo-
nents 116 that may be generally available components as well
as specially developed components for implementation of the
present invention. Importantly, computer system 100 1incor-
porates various data buses 118 that are intended to allow for
communication of the various components of computer sys-
tem 100. Data buses 118 include, for example, input/output
buses and bus controllers.

Indeed, the present mvention 1s not limited to computer
system 100 as known at the time of the invention. Instead, the
present invention 1s mtended to be deployed 1n future com-
puter systems with more advanced technology that can make
use of all aspects of the present invention. It 1s expected that
computer technology will continue to advance but one of
ordinary skill 1n the art will be able to take the present disclo-
sure and implement the described teachings on the more
advanced computers or other digital devices such as mobile
telephones or “smart” televisions as they become available.
Moreover, the present invention may be implemented on one
or more distributed computers. Still further, the present inven-
tion may be implemented 1n various types of software lan-
guages including C, C++, and others. Also, one of ordinary
skill 1n the art 1s familiar with compiling software source code
into executable software that may be stored 1n various forms
and 1n various media (e.g., magnetic, optical, solid state, etc.).
One of ordinary skill in the art 1s familiar with the use of
computers and soltware languages and, with an understand-
ing of the present disclosure, will be able to implement the
present teachungs for use on a wide variety of computers.

The present disclosure provides a detailed explanation of
the present mvention with detailed explanations that allow
one of ordinary skill in the art to implement the present
invention into a computerized method. Certain of these and
other details are not included 1n the present disclosure so as
not to detract from the teachings presented herein but it 1s
understood that one of ordinary skill in the art would be
familiar with such details.

We now proceed to describe methods and algorithms that
implement linear algebraic techniques for rapidly estimating
chemical similarities for several popular measures according
to the present invention.

One commonality among otherwise diverse techniques to
calculate chemical similarity 1s that, regardless of the under-
lying method, similarities are often returned as a Tanimoto
score. While Tanimotos are often treated simply as real-val-
ued similarities in the range [0,1], they have additional math-
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4

ematical structure that can be used; this 1s seen 1n the defini-
tion of the Tanimoto T, between vectors A and B:

) (A, B)
" (A, AY+ (B, B)— (A, B)

(1)

4B

Equation 1 can be rearranged to obtain an expression for
the 1nner product between two vectors 1n terms of their Tan-
1moto:

(2)

T'ap

(A, B) = (A, A) +4(B, B))

l-I-THB

Using this equation, the derivation of a method of the
present invention proceeds with two assumptions. We first
assume that molecules can be represented as vectors 1n an
(unspecified) mner product space. Given this assumption and
a similarity measure on two molecules I and g, one can
identify these molecules with vectors A and B 1n equation 2.
It then makes sense to ask for the mner product between the
two molecules. Since the Tanimoto between the two 1s
known, we must calculate the magnitude of each molecule
(e.g., the ( ALA) terms).

In the absence of further information, one choice 1s to set all
magnitudes equal to 1 (that 1s, { A, A(=) B, B) =1); this 1s
equivalent to assuming that all molecules should lie on the
surface of a hypersphere of arbitrary dimension N. Alterna-
tively, for certain measures, we have more information and
can assign meaningiul values to the magnitude.

For the purpose of the derivation of the present invention,
we take the magnitudes as given (either from parsimony or
knowledge of the measure). This implies that 1t 1s possible to
calculate the inner product between two molecules given their
pairwise Tanimoto score.

We further assume that the inner product space 1n question
is RY, the space of vectors with N real-number coordinates.
Under this assumption, 1t becomes meaningful to try to map
molecules to vectors in R”Y in such a way as to preserve their
inner products. Given a “basis”™ set of molecules B=B,, . . .,
B,, k=N, we require that similarities be computed between all
pairs 1n B. These similarities are then transformed to inner
products (using a method appropriate for the measure in
question) and placed into a matrix G such that G,; contains the
inner product between molecules B, and B,(a matrix of this
form 1s known 1n the statistical literature as a “Gram matrix”™).
We wish to find a factorization of G of the form G=MM~,
where M 1s an NxN matrix containing the molecule vectors
along 1ts rows.

Since the elements of G are constructed from molecular
similarities, G 1s real and symmetric and, therefore, has a
spectral decomposition 1nto eigenvectors V and eigenvalues
(1n diagonal matrix D). From this, the desired factorization
follows by algebraic mampulation:

G=MM (3)
= VDV
— VDUZDUZVT
_ (VD”z)(VD”z)T

M = VDY?
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The method described 1n equation 3 1s also used to derive
vector coordinates from interpoint distances in multidimen-
sional scaling (MDS). It has several properties which make 1t
an appealing choice relative to other matrix factorizations
(such as the Cholesky decomposition, which also finds matrix
M such that G=MM?). First, the MDS reconstruction of mol-
ecule vectors 1n N dimensions 1s guaranteed to most closely
approximate the given inner products, 1n a least-squares
sense. Furthermore, the reconstruction dimension can be cho-
sen by sorting the eigenvalues 1n order of decreasing value
and setting to zero all eigenvalues after the first K (for a
K-dimensional reconstruction). The method of the present
invention 1s related to a technique known as kernel PCA to be
discussed further below.

If the measure described by the inner products 1n G 1s a
Euclidean metric, then G will be positive semidefinite (1.e., 1t
will have only zero- or positive-valued eigenvalues), and the
square root will exist. However, there 1s no guarantee that a
generic molecular similarity measure will be a Euclidean
metric (and several popular measures, including ROCS, are
not). Because of the optimality properties of MDS, however,
the impact that these negative eigenvalues have on the
approximation depends on their magnitude relative to the
positive eigenvalues. If no negative eigenvalue has magnitude
within the top K, then it would not be used 1n the K-dimen-
s1onal reconstruction and does not atfect the solution.

We demonstrate in our results that for many popular mea-
sures, negative eigenvalues are of sufliciently small magni-
tude that they do not affect the reconstruction and that these
non-Euclidean measures can, therefore, be well-approxi-
mated by Fuclidean inner products. We describe further
below a correction factor that can be added to the basic MDS
formula to allow interpolation of coordinates associated with
negative eigenvalues.

Correction Factors. An 1ssue with our inference procedure
1s that the optimization procedure (Equation 3) does not
respect the vector magnitude assumptions made at the begin-
ning 1n the first step. In particular, given any molecule A 1n the
basis set with square magnitude ( A, A{=x and 1ts low-di-
mensional vector approximation A, the approximated square
magnitude } A, A) will always be smaller than x, because we
have 1gnored the magnitude associated with higher (less sig-
nificant) dimensions.

As will be shown below when the results are discussed, this
loss of magnitude can cause problems with the absolute accu-
racy of resulting Tanimoto values (though rank orderings are
often preserved). One possible strategy for solving this prob-
lem would be to replace Equation 3 with a constrained opti-
mization method; however, the simplicity and the ubiquity of
implementation of a method based on the spectral decompo-
sition suggest that a procedure to correct the results of the
cigenvector decomposition would be usetul.

One correction technique 1s to scale each result vector to
force 1ts magnitude to 1. Our testing showed this to be less
elffective than what we call the slack coordinate method
described below. We found such method to improve accuracy
and allows for the representation non-FEuclidean geometries.

Slack Coordinate Method. Without loss of generality, we
consider only the case in which we wish to correct all vector
magnitudes to unity. Given real vectors A and B of arbitrary
dimension n (1.e., A, B € R”) with magnitude less than 1, we
construct vectors A and B of unity magnitude by augmenting
them with one additional “slack™ coordinate, as follows:
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A = [agay, : ﬂn—lﬂn]T @)
B = [b{jbla , bn—le]T
JAll=A"A =

ﬂ? =1

An 1teresting aspect of this correction 1s that the slack
coordinate 1s incompletely specified, as the sign 1s indetermi-
nate. It 1s possible to derive an analytic correction for the
resulting Tanimoto. For convenience, we define variables k,
and k., corresponding to the numerator and denominator,
respectively, of the uncorrected Tanimoto equation:

n—1 (5)
ﬂfb_g
=0 K1
TAB ~ n—1 n—1 n—1 - _2
Z {11-2+ szz_zﬂxbz

We can then define the corrected Tanimoto 1n terms of these
variables, and simple algebraic transformations allow us to
express the correction as a function of the uncorrected Tan-
imoto and the (uncorrected) magnitudes of A and B:

- (6)
IAIF = > af

1
1=0

n—1
IBIF = > b}
=0

E af Y, b7 — 3 a;b;
=0 i=0

1=0

B kl + ﬂnbn

T. .

k£ 1= [IAI v/ 1 = 1BIP

T.. —
B
Q—k)F L= AN V1= IBI?
o TanCIAI® +1IBIP)
LT (14 Tap)
ks = £~/ 1= JAI2 A/ 1 = 1B
ka = k| + k3
K4
T.. =
AB T Dk,

Although the sign of the slack coordinate ((\/1 —[|A|IP

or (\/1 —|IB||* for molecules A and B, respectively) is unspeci-
fied, the analytic correction term Kk, 1s not directly dependent
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on the particular signs of the slack coordinates. Rather, i A
and B are real vectors, k, has sign determined by whether A
and B have the same or opposite signs 1n their slack coordi-
nate. The case in which k; 1s always negative (that 1s, all pairs
of vectors A and B have opposite signs 1n their slack coordi-
nates) turns out to be especially usetul. However, this case 1s
not realizable if we restrict our vectors A and B to lie in R™*.
As a demonstration, consider three vectors A, B, and C with
slack coordinatesa , b, ., and c . Without loss of generality, let
a, be negative and b, be positive. For ¢, to always have an
opposite sign to any molecule to which 1t was compared, 1t
would have to be positive when molecule C 1s compared with
molecule A and negative when compared to B; this 1s a con-
tradiction.

Although this style of correction term cannot be 1mple-
mented with real vectors, by generalizing the vector space,
this result 1s easily understood. The case in which every pair
of vectors 1s associated with a negative correction term k,
corresponds to vectors lying in R”x1, where the slack coordi-
nate 1s always positive 1n sign and purely imaginary n (e.g., in

equation 4, leta —1\/1 -> _ " ta? withi=V=1). This interpre-

tation requires that equation 4 be modified so that the Hermi-
tian transpose 1s used but does not affect the rest of the
derivation. The geometry implied by this vector space is
known as pseudo-Euclidean, in contrast with the Fuclidean
geometry of R”*', and has the capability to represent curved
spaces. In particular, imaginary coordinates of this form can
be used to represent the curved dimensions induced by nega-
tive eigenvalues in the Gram matrix. The slack coordinate
correction, by generalizing from real to complex vectors,
allows approximation ol non-Fuclidean distance measures.
Fast Approximation of New Vectors. The above procedure
for deriving molecule vectors requires computation of O(k>)
molecular similarities. Given a fixed basis set of molecules, 1t
1s possible to approximate vectors for new molecules 1n a

fixed amount of time for each new molecule by least-squares.
Given a library molecule (that 1s, one not originally 1n the
basis set) L, and the matrix M of basis vectors, a vector for L,
can be constructed according to method 200 as shown 1n FIG.

2.

As shown at step 202, method 200 recerves mnput data for a
set of molecules. At step 204 the set of molecules 1s split into
a basis set of molecules, B, . . . B,, and a library set of
molecules, L, ...L,, where n<<k. In an embodiment, step 204
1s performed as a random process. In yet another embodi-
ment, step 204 1s performed by a clustering process as
described herein.

At step 206, for the basis set, pair-wise similarity 1s com-
puted with the source measure. The result 1s a Tanimoto
matrix for the basis set

As shown n at step 214 of F1G. 2, the method of the present
invention compares similarities between L, and all basis mol-
ecules B . At step 216, method 200 receives the result of step
214 and step 206 to compute library-vs-basis Tanimotos. At
step 218, the Tanimoto results of step 216 are converted to
inner products to create a library Inner Product matrix. The
method transtorms similarities to inner products G,;. Inner
products are then stored in a vector T=[G,,, G, . .., G,]".

Continuing from step 206, for the basis set at Step 208,
method 200 converts the Tanimoto matrix of step 206 to inner
products according to the relationship of Equation 2. The
result 1s an basis Inner Product Matrix. Then according to the
relationship of Equation 3, the basis Inner Product Matrix 1s

diagonalized to create a set of basis vectors as shown 1n step
210.
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3
Using the results of step 210 and step 218, method 200

solves the equation MxX=T by a least squares computation at
step 220 that yields a set of library vectors. The resulting

vector X contains the vector that best approximates the given
inner products, 1 a least-squares sense, and therefore 1s the
molecule vector tor molecule L. The basis vectors of step 210
and library vectors of step 220 are then converted to input data
at step 222 according to the relationship of Equation 1 so as to
compute the similarity matrix of step 224.

Method 200 of FIG. 2 allows the approximation of vectors
for a large library of molecules in time linear in the si1ze of the
library. It 1s parallel once the basis set has been computed,
making 1t a computationally attractive method for operation
on large libraries.

RESULTS: The present invention was tested for effective-
ness. The results of such testing are presented below.

Similarity Measures. To demonstrate the generality of the
methods of the present mvention, we have tested 1t against
similarity measures of various types, as implemented 1n the
OpenEyve Scientific Software (Santa Fe, N. Mex.) oechem,
oeshape, and oeet toolkits. Representing substructure-finger-
print-based methods 1s LINGO, a similarity measure which
counts the number of substrings in common between the
SMILES representations of a pair of molecules. “ROCS,” a
three-dimensional (3D) shape comparison method which
finds the maximal volume overlap between Gaussian repre-
sentations of molecule shape, represents 3D shape methods.
A variation on shape-based ROCS, known as the ROCS Color
Tanimoto, uses a similar volume overlap optimization on
virtual “color” atoms representing chemical functionalities.
We use this color ROCS to demonstrate the generalizability of
the present invention to 3D methods that include distinct atom
types, not all of which interact with one another. Finally, ZAP,
a Poisson-Boltzmann solver which calculates and compares
clectrostatic fields around molecules, represents electrostatic
similarity methods.

Molecules Tested. We draw molecules for testing from a
diverse set of collections of drug and drug-like molecules.
Most of our tests were performed on a 57,253 molecule
database, hereafter named “Maybridge+BBP,” constructed
from the union of the Maybridge Screening Collection and a
blood-brain barrier penetration data set. For Maybridge+
BBP, 3D conformers were generated using OpenEye’s
OMEGA software. When calculating Tanimotos using
ROCS, multiconformer (200 conformer maximum) fit mol-
ecules were aligned against single-conformer references, and
the maximum Tanimoto over any pair of conformations for
the molecule pair was used. Detailed configuration param-
cters passed to ROCS and OMEGA are included in the
Appendix.

In the test for generalizability of the present invention, we
used the 1665 molecules tested in PubChem Assay #677, an
assay for novel allosteric modulators of the M1 muscarinic
receptor. To test the sensitivity of the present invention
against the source of molecules for the basis set, we draw
basis molecules from the Maybridge+BBP set and also from
the Asinex Gold Collection and the Maybridge Fragment
Library, commercial libraries used for compound and frag-
ment screening. Finally, the virtual screening test draws its
molecules from the Directory of Usetul Decoys, version 2, a
computational drug-discovery data set specifically designed
to confound methods based on common physical parameters,
such as molecular weight and cLogP. For all 3D similarity
measures other than the 57,253 molecule Maybridge+BBP
set, molecules were assigned single conformers by Open-
Eve’s OMEGA software. Charges for all molecules were
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assigned using the AMI-BCC charge model implemented 1n
OpenEyve’s oequacpac toolkit.

Differences 1n setup (1.e., multiconformer vs. single con-
former) between data sets are due to the fact that we made use
of existing databases already 1n use for other drug discovery
projects. These differences are not significant to the content of
the present disclosure. Insofar as an object of the present
invention 1s to reproduce the results of existing similarity
measures, we demonstrate comparable performance to the
source similarity measure regardless of how the molecules
were prepared for the source measures.

Basis Size and Dimensionality. To evaluate the present
invention’s ability to approximate molecular similarities on
data sets of varying size, we used the present invention to
approximate the ROCS shape Tanimoto for test sets 01 19,000
and 50,000 molecules drawn at random from Maybridge+
BBP. This was performed multiple times over a large number
of basis sizes and dimensionalities (1n all cases, the 19,000 or
50,000 library molecules were disjoint from the basis mol-
ecules). Tanimotos were computed using multiconformer
query molecules matched against single-conformer refer-
ences; the Tanimoto of the best-matching query conformer
against the reference was used as the Tamimoto for the mol-
ecule pair. Detailed settings for ROCS are provided further
below. As a measure of performance, we calculated the root-
mean-square (RMS) deviation between the results of the

present invention and ROCS Tanimoto over all pairings of
these 19,000 molecules (FIG. 3: 19,000x19,000=361 million

Tanimotos) or 50,000  molecules (F1G. 4:
50,000x50,000=2500 million Tanimotos).

Among other things, F1G. 3 shows the RMS Tanimoto error
versus basis size and dimensionality of approximation for the
method of the present invention on ROCS Shape Tanimoto.
The 19,000 library molecules (361 million total Tanimotos)
used to calculate root-mean-square error (RMSE). Each bar
averaged over at least 10 random bases of given size.

Among other things, F1G. 4 shows the RMS Tanimoto error
versus basis size and dimensionality of approximation for the
method of the present invention on ROCS Shape Tanimoto.
The 50,000 library molecules (2500 million total Tanimotos)
used to calculate RMSE. Each bar averaged over at least 10
random bases of given size.

Two trends are evident from the data. First, the error in the
present invention’s approximation of the shape Tanimoto
talls rapidly at first with the addition of more dimensions and
then levels off around 75-100 dimensions. Most of the error
talloil occurs 1n the first few dimensions, with gains beyond
30 dimensions coming much more slowly. A similar trend
also appears for basis size; a large error 1s present for small
basis sizes (especially 1n high-dimensional approximations),
as a consequence of overfitting the vector model, but this falls
off rapidly as the basis si1ze increases. This result1s stable even
as we scale to a data set more than double the size. The test set
comprising 50,000 molecules required neither more eigen-
vectors nor a larger basis set to achieve root-mean-square
error (RMSE) comparable to that found on the 19,000 mol-
ecule test set.

Ultimately, the present invention 1s able to approximate the
ROCS shape Tanimoto to within appr0x1mately 0.08 RMSE
around 75-100 dimensions and a basis size of 500-1000, for
both the 19,000 and 50,000 molecule test sets.

Basis Selection Strategies. To test the sensitivity of the
present invention as to how the basis set 1s chosen, we com-
pared randomly chosen basis sets with basis sets chosen such
that basis molecules corresponded to “representative” shapes
in the data set. To choose representative molecules, we clus-
tered the Maybridge set using the dbclus algorithm at several
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Tanimoto cutoll values; the cluster centers chosen were used
as the representative shapes. For each measured basis size N,
we ran an 1mplementation of the present mvention in 75
dimensions using a basis consisting of N randomly chosen
molecules or the N cluster centers with largest number of
neighbors (ties broken at random). The resulting library
RMSEs are plotted 1n FIG. 5. RMS Tanimoto errors are plot-
ted for approximations from the method of the present inven-
tion for ROCS shape Tanimoto constructed from randomly
selected basis sets and basis sets chosen by molecule cluster-
ing. All Tanimotos evaluated over 361 million molecule pairs.

For any basis set larger than 200 molecules, 1t was possible
to find an approximation using the present invention with
lower RMS error than that resulting from the random basis;
however, 1n all cases such error reduction was small, on the
order o1 0.005 Tanimoto units. Interestingly, the optimal clus-
tering Tanimoto value differed by basis size. The optimal
Tanimoto (that 1s, the cluster set with lowest RMSE)
increased with increasing basis size, suggesting that, as more
basis molecules are added, 1t 1s somewhat advantageous to
select tighter clusters as basis elements.

Corrected Tanimotos. In FIG. 6, we examine the effect of
the slack coordinate correction term 1ntroduced earlier. Den-
sity plots are shown for the method of the present invention
and slack-corrected method of the present mvention Tan-
imoto approximations of ROCS Shape Tanimoto for 361
million molecule pairs from

Maybridge. Contours are labeled as log,, of contour
height. The y=x line 1s drawn for reference. Because the
purpose of the correction term 1s to account for eigenspec-
trum density truncated 1n a low-dimensional approximation,
we examine two cases, 10- and 75-dimensional approxima-
tions. FIG. 6 1s a density plot of the method of the present
invention and corrected Tanimotos versus ROCS Tanimotos
using the 19,000 molecule test subset of Maybridge+BBP
also used 1n FIG. 3. In FIG. 6, density contours that are
symmetric about Y=X indicate that the plotted Tanimoto val-
ues have an unbiased error with respect to the original Tan-
imoto value, which aids in the preservation of rank ordering.

As expected from the earlier results, 1n 75 dimensions, the
standard method according to the present invention, Tan-
imoto values are tightly clustered along the Y=X line, and the
contours of the density plot continue to be aligned along this
Y=X axis even out to low densities, indicating an overall
preservation of rank ordering. In contrast, in 10 dimensions,
the Tamimotos from the method of the present invention, as
expected, almost always overestimate the true Tamimoto. Fur-
thermore, the contours are no longer ellipses symmetric about
Y=X (oraparallel line), which indicates poorer rank-ordering
performance.

As expected, the slack coordinate correction leaves the
high-dimensional case largely unaifected, with the major
exception of a large group of errors at ROCS Tanimoto=1.0.
These are caused by seli-comparisons; the slack coordinate
method does not respect the constraint that the Tanimoto of a
vector against itsell ought to be 1. However, in the low-
dimensional case, the slack correction makes a significant
difference. Leaving aside the known artifact at ROCS Tan-
imoto=1.0, the overall shape of the density contours is shifted
below the diagonal but 1s symmetric. This indicates that, with
the exception ol a constant shift, the slack-corrected values
are much more accurate than the uncorrected low-dimen-
sional values.

Virtual Screening. To 1llustrate the utility of Tanimoto val-
ues dertved from the method of the present invention in vir-
tual screening, we used the present invention on the ROCS-
shape Tammoto to do a virtual screen on the Directory of
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Usetul Decoys (DUD) test set. DUD 1s a collection of “sys-
tems” consisting of target proteins and associated small mol-
ecules. For each system, a certain number of molecules
known to bind the target are designated as “ligands”; the rest
of the molecules (36 times the number of ligands) are
“decoys” with similar physical properties believed to not bind
the target. We used a previously published protocol to evalu-
ate performance and statistical significance; for clarity, we
summarize the protocol below.

For each protein system 1 DUD, we used ROCS and the
method of the present invention (with three different basis
sets) to calculate the Tamimoto of every ligand molecule
against every other molecule in the system. For each ligand
molecule, we ranked all other molecules 1n order of decreas-
ing Tanimoto similarity, modeling a screening experiment 1n
which given one active compound, one wishes to find other
actives 1n a pool of mactive molecules. All molecules used
were single conformer; settings for ROCS are given further
below. All Tanimoto values from the method of the present
invention were computed 1mn 10 dimensions as uncorrected
Tanimotos from the method of the present invention. Basis
sets were drawn from the Maybridge Screening Collection,
the Asinex Screening Collection, and the Maybridge Frag-
ment Library to illustrate the effects of different basis choices
on performance.

The ROC area under curve (AUC) for this ranking was
calculated according to the method 1n Clark (Clark, R. D.;
Webster-Clark, D. I., “Managing bias in ROC curves,” J.
Comput.-Aided Mol. Des., 2008, 22, 141-146.). Ligand mol-
ecules were considered true positives; false positives were
any decoys ranked higher than a true ligand. A bootstrapping
procedure was used to estimate the 68 and 95% confidence
intervals on the calculated AUC values. These AUCs and
confidence intervals are 1llustrated in FIG. 7. As shown, ROC
AUC values on each system of the DUD test set are plotted.
Reported are the mean AUC averaged over each ligand in the
system (line), the 68% confidence 1nterval on the AUC (box),
and the 95% confidence interval on the AUC (whiskers).
Within each system, results are reported for ROCS (G) and
the method of the present invention using basis sets from the
Maybridge Screening Collection (M), the Asinex Screening
Collection (A), and the Maybridge Fragment Library (F). All
approximations from the method of the present invention
were done 1n 10 dimensions; Maybridge and Asinex sets used
a 500 molecule basis set; and the Maybridge Fragment set
was 473 molecules, the size of the entire library.

For almost all systems, the performance of the different
basis sets for the method of the present invention are statisti-
cally indistinguishable from each other and from that of the
original ROCS Tanmimoto. In particular, the Maybridge and
Asinex basis sets, which are drawn from difterent libraries but
which likely have overall similar characteristics (as both are
screening libraries) perform almost identically. The May-
bridge Fragment basis 1s an outlier on several systems; 1t 1s
likely that this 1s because these molecules are significantly
smaller (in volume/mass) than the drug-like molecules 1n
DUD, indicating that at least rudimentary physical property
matching 1s a prudent step in the use of the present invention.
It1s interesting, however, that there were so few outliers using
the fragment basis set, as similarity measures often fail when
comparing fragments to elaborated molecules; we have not
explored the reasons for this performance 1n detail.

Similarity Measure Generalizability. To assess the gener-
alizability of the present mvention to chemical similarity
measures other than the ROCS shape Tanimoto, we evaluated
the performance of the present mvention on four similarity
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clectrostatic, Tanimoto. All Tanimotos were originally evalu-
ated on a collection o1 1665 small molecules from a screen for
allosteric modulators of the M1 muscarinic receptor; for the
present invention, both basis and library molecules were
drawn from this same pool. All tests were conducted with
1000 library molecules, with RMSE evaluated over an all-
pairs (1000x1000=1 million Tanimotos) similarity compari-
son. For the electrostatic Tanimoto, molecules were first over-
laid using ROCS betore electrostatic field calculations.

FIG. 8 plots the Tanimoto RMSE for the present invention
for each similarity measure in the large basis (600 molecules)
limit as a function of dimensionality. Three trends are par-
ticularly notable. RMS Tanimoto error 1s plotted from
approximations from the present invention to several molecus-
lar similarity measures, as a function of dimensionality of
approximation. All tests were conducted with a basis size of
600 molecules and a test set size of 1000 molecules. First, on
this data set, all the similarity measures show nonmonotonic
error behavior as the number of dimensions increases, most
likely reflecting eventual overfitting (an insuificient number
of basis molecules for further dimensions). Second, the
present invention generalizes well to approximating both the
ROCS color and the LINGO Tanimotos, with RMSEs under
0.1 i both cases. Finally, ZAP’s electrostatic Tanimoto
appears to be inapproximable by the method of the present
ivention.

FIG. 9 explores why only certain measures are approx-
imable by the method of the present invention. The eigen-
value spectra for Gram matrices resulting from four similarity
measures on 1000 molecules from the MI muscarinic data set
1s plotted. Each subplot plots the value of the top 300 ei1gen-
values from a basis set of size 1000 computed for each of the
four similarity measures, on a log scale. For all three well-
approximated measures, the magnitude of the 100th eigen-
value has fallen oif more than 2 log units relative to the first
(largest) one, indicating that high dimensions rapidly become
less important to the approximation. In contrast, the ET Tan-
imotos eigenspectrum falls off much more slowly; even after
300 dimensions, i1t has not fallen 2 log units. It 1s this charac-
teristic of the eigenspectrum (insuificiently rapid falloil) that
makes a low-dimensional linear approximation to the ET
Tanimoto impossible.

Tanimoto Computation Speed. The precalculation step of
method of the present imvention 1s extremely etficient com-
pared to the evaluation of the source similarity measure. We
benchmarked the precalculation step for calculating molecule
vectors on a 20,480 molecule subset of Maybridge+BBP,
using a 500 molecule basis set drawn from the same database.
Timings for each phase of precalculation of the present inven-
tion on one core of a 3 GHz Intel Xeon-based (Core 2 archi-
tecture) Mac Pro are presented 1n Table 1 (further machine
details are presented further below). The precalculation time
1s dominated by ROCS calculations; the spectral decomposi-
tion and least-squares iniference for method of the present
invention take less than 5 seconds, compared to nearly 11000
seconds for the basis versus basis and library versus basis
ROCS computations.

A significant benefit of the present mvention i1s that 1t
calculates accurate estimates of molecular similarity
extremely rapidly once library vectors have been inferred.
This 1s particularly true 1n the case of the ROCS shape and
color similarities, which are industrially important but expen-
stve to calculate. We measured the OpenEye ROCS 1mple-
mentation’s performance at approximately 1000 compari-
sons/s per core on a 3 GHz Mac Pro, while performing the
basis-basis and library-basis ROCS comparisons for the
above benchmark. In contrast, our C code to evaluate Tan-
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imotos from the present invention (compiled with gcc 4.0.1
and GotoBLAS2) 1s capable of computing approximately 50
million similarities/s (in 64 dimensions) on one core of the
same CPU. With precomputed library vectors, then, the
present invention 1s around 50,000 times faster than a direct
calculation of Gaussian overlap.

Indeed, the method of the present invention 1s fast enough
that for large similarity matrix problems, 1t can be faster to
recalculate similarities on-the-tly from vectors of the present
invention than to precalculate all similarities and read them
back from disk. This leads to a significant savings 1n storage,
as the storage required for the molecule vectors scales as
O(N), while storage for a similarity matrix scales as O(N?).
The combination of high computation speed and reduced
storage makes similarity calculations (for large scale virtual
screening and data analysis) computationally feasible for data
sets with Non the order of 10° to 10’. The present invention
does not solve other 1ssues 1nvolved with large data sets (e.g.,
file handling and molecule preparation), it 1s able to reduce
both computational and total data storage burdens for large-
scale problems. In terms of CPU time alone, 1t can make
difficult problems fast and intractable problems tractable.

Connections to Previous Work. Previous Methods to Char-
acterize Chemical Space. Several methods have been applied
in past work to characterize chemical space by learning rel-
evant dimensions along which chemicals vary to find vector
embeddings of molecules. In this section we discuss past
work which has used multidimensional scaling and other
similar techniques to find vector embeddings of molecules
based on particular similarity representations.

Multidimensional scaling has previously been applied to
chemical data sets 1n order to reduce the dimensionality of
binary molecular fingerprints. This approach has been used
for combinatorial library design; by computing coordinates
for each molecule and treating each dimension as a property,
it 1s possible to maximize the distance among molecules to
select a maximally diverse library. However, using MDS
directly 1n this manner 1s not scalable to large compound sets,
as it requires a full N* similarity matrix.

There have also been prior efforts to develop scalable ver-
sions of MDS-based methods. One method, due to Nicholls
(Nicholls, A.; Grant, J. A, “Molecular shape and electrostatics
in the encoding of relevant chemical information,” J. Com-
put.-Aided Mol. Des., 2005, 19, 661-686), focuses on simi-
larity metrics; that 1s, on similarity measures that compute a
distance between pairs of molecules, such that these distances
obey the triangle inequality. The Nicholls method, after com-
puting coordinates for a basis set of molecules using MDS,
computes coordinates for a new nonbasis molecule by trian-
gulation based on distances to each of the basis molecules.

The principal difference between the method of the present
invention and these older MDS-based methods 1s use of 1east-
squares approximation to calculate coordinates for nonbasis
molecules 1n the present invention. Least squares allows the
present invention to scale well to large data sets, unlike the
original methods using MDS for dimensionality reduction.
Furthermore, because we approximate inner products rather
than distances and use least-squares rather than triangulation
to calculate coordinates, we do not assume that the approxi-
mated similarity measures are true metrics. In particular, the
use of least-squares allows the present invention to calculate
approximate coordinates even 1n the nonmetric source simi-
larity case (1n which the triangulation equations would have
no consistent solution). The similarity of the present mven-
tion 1s a metric (or pseudometric, 1 the case of the slack-
corrected Tanimoto) approximation to the source measure.

10

15

20

25

30

35

40

45

50

55

60

65

14

Raghavendra and Maggiora (Raghavendra, A. S.; Mag-
giora, G. M., “Molecular Basis Sets —A General Similarity-
Based Approach for Representing Chemical Spaces,” J.
Chem. Inf. Model, 2007, 47, 1328-1340) developed a sym-
metric—orthogonalization method to calculate wvector
embeddings of molecules 1n an arbitrary similarity space. The
Raghavendra and Maggiora (RM) method calculates a pair-
wise similarity matrix on a small set of basis molecules, using
this to find vectors for the basis, and then projects library
molecule vectors onto this space by transforming library-
basis similarity values. It 1s presented only as a method to
describe chemical space and not as a method to approximate
similarities. Several mathematical limitations impact the
applicability of this method for both purposes.

One critical difference 1s 1n the treatment of the basis
similarity matrix, the entries of which are Tanimotos. The RM
method treats these entries as though they were 1nner prod-
ucts; however, as equation 1 shows, the Tanimoto 1s a function

ol an mner product but not an inner product itself. This 1nac-
curacy will distort vector spaces inferred by the method.

TABL

L1

1

Precalculation Step Timings for 20,480 Library
Molecules using the present invention

step time (sec)
basis matrix ROCS calculation 262
basis vector calculation (eigendecomposition) 0.33
library vs basis ROCS calculation 10 732
library vector calculation (least-squares) 4

“ Using a 500 molecule basis set and one core of a 3 GHz Intel Xeon-based Mac Pro.

Furthermore, this method 1s unable to handle molecular
similarities which do not result 1n positive defimte Gram
matrices (1.¢., non-Euclidean measures). The method of the
present invention handles these 1n two ways. First, the use of
the slack correction allows approximation of dimensions
associated with the negative eigenvalues 1n a nonpositive
definite similarity measure. Second, a typical use of the
present invention will retain fewer eigenvalues/eigenvectors
(dimensions) than can be computed from the matrix. This
allows a positive definite approximation of nonpositive defi-
nite measures. It also improves the statistical reliability of our
vector approximations. The RM method projects library mol-
ecules onto the tull number of dimensions computed from the
basis matrix (1.e., number of dimensions=number of basis
molecules). However, as shown 1 FIGS. 3 and 4, fitting to a
number of dimensions similar to the number of molecules
leads to large approximation errors from overfitting. Thus, the
method of the present invention 1s more faithiul to the math-
ematics behind similarity coefficients, 1s more flexible by
allowing approximation of non-Euclidean measures, and 1s
more accurate because 1t adds the ability to avoid overfitting.

Connections to Kernel PCA. Kernel principal components
analysis (kernel PCA) 1s a nonlinear variant of PCA that,
given data 1in an mput vector space, finds the principal com-
ponents of the data in a different vector space known as the
feature space. The dimensionality of this feature space is
often very high (possibly infimite). The computation 1is
achieved by the use of kernel functions, which map a pair of
points 1n the input space to a real number that 1s interpretable
as the mmner product of the two points 1n the feature space,
without requiring an explicit expansion of the points into the
feature space.

Above, we derived the algorithm for the present invention
from classical multidimensional scaling. The method used 1n
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the present ivention to derive basis vectors 1s related to
kernel PCA (which 1s itself linked to multidimensional scal-
ing). In particular, by transtforming chemical similarity Tan-
imoto values to inner products, we treat transformed chemical
similarity functions as kernels that map molecules from a
hypothetical “molecule space” into a feature space mduced
by the particular similarity function. Because the mathemati-
cal methods underlying the present invention are similar to
those of kernel PCA, several optimality properties of kernel
PCA carry over to the present mnvention. As was previously
argued using the dertvation from multidimensional scaling,
an expansion ol a molecule 1 k dimensions of a chemical
feature space has a minimum mean-squared approximation
error, compared to any other choice of k directions (e.g., as
might be derived from a truncation of a Cholesky decompo-
sition).

Furthermore, the k directions calculated from kernel PCA
have minimal representation entropy. As a consequence, no
other orthogonal basis transformation can reproduce the
given inner product matrix with the same accuracy in fewer
bits. This property provides a rigorous bound on the accuracy
ol vectors calculated by the present invention; no other
method evaluating chemical similarity mnner products by dot
products between real vectors can achieve a better coverage
of the variance 1n the training (basis) matrix with fewer bits
than used by the present invention.

There are several key differences between the present
invention and kernel PCA related to the treatment of the Gram
matrix. First, following multidimensional scaling, we do not
rescale the eigenvectors obtained in the diagonalization of the
Gram matrix. Additionally, most commonly used chemical
similarity measures, when transformed from Tanimotos to
inner products, do not induce the type of kernel usually used
with a kernel PCA approach (known as a Mercer kernel), as
theirr Gram matrices usually have negative eigenvalues. More
importantly, prior to diagonalizing the Gram matrix, we do
not center the data to have zero mean. As a consequence, the
first eigenvector reflects the mean value 1n the feature space.
As will be shown 1n the next section, this 1s key to partial
interpretability of coordinates derived from the method of the
present invention.

Interpretation of Chemical Similarities. Besides its use in
constructing vector approximations, the imnference procedure
of the present mvention also gives msight into the nature of
the chemical space induced by a given similarity measure. In
particular, for well-approximated measures for which a mol-
ecule-molecule inner product can be defined, we can interpret
the meaning of the first vector coordinate and gain an under-
standing of the measure. Our example here 1s the Gaussian
volume overlap measure used by ROCS.

ROCS defines its “shape Tanimoto” as Equation 7, in
which O, represents the value of the overlap volume between
molecules x and y, which have been rotated and translated to
maximize their volume overlap.

Q4B
Oap +O0pp — Oyup

(7)

Tap =

This equation has clear similarity to the conventional vec-
tor Tanimoto (equation 1); by analogy, for ROCS, we can treat
the maximum overlap volume between a pair of molecules as
the 1inner product between these two molecules. Recall that
for a similarity measure to be well-approximated by the
method of the present invention, we require that the eigen-
value spectrum of the similarity measure falls off sutficiently
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rapidly, such that each successive dimension 1s significantly
less important than the one preceding it.

Consider such a measure on molecules A and B and their
vector approximations A=[a,, . .., a ] and B=[b,, ..., b ].
Because the present imvention 1s able to approximate the
measure well, 1t 1s true that ( A, B{ =)} A, B} . The assumption
that the measure 1s approximated well implies (by the discus-
s10n 1n section on generalizability) that the eigenvalue spec-
trum falls off rapidly. This in turns means that the first coor-
dinate will be the dominant component of the mnner product
(since further coordinates are decreasingly important), or for-
mally, that { A, B} ~( A, B) =~a_b,,. In the special case in which
A=B (the self-similarity of molecule A), { A, A) =~a,”.

For the ROCS similarity measure, this implies that the first
coordinate of the vector for a given molecule, and therefore
the first principal coordinate of the shape space induced by the
measure, 1s approximately equal to the square root of the
molecular volume. This 1s 1llustrated 1n FIG. 10a, which plots
the first coordinate of many molecule vectors inferred by the
present invention on the ROCS shape overlap quantity against
their molecular volumes. All data from 128,371 Tanimotos 1s
computed on a DUD test set and 500 random molecules from
Maybridge are used as basis. The lines show that the data are
well-1it by a square-root function multiplied by a constant that
represents the relative importance of molecular volume to the
whole similarity measure. This demonstrates that shape-
based virtual screening 1s largely controlled by differences in
molecular volume, which correlates very closely with
molecular weight (FIG. 105).

As explained by analogy to kernel PCA, this first coordi-
nate (which for ROCS 1s approximately equal to the square
root of the molecular volume) reflects the mean location of
the molecules in the feature space learned from the similarity
measure. We do not know whether a similar chemically inter-
pretable understanding of the second and later eigenvectors
(projections onto which are the molecular coordinates ) exists.
It has been demonstrated that the eigenvectors calculated by
kernel PCA converge, in the large-basis limit, to eigenfunc-
tions of a linear operator on the underlying kernel. These in a
sense reflect a functional basis for the kernel (or similarity
measure). In general, coordinates 1n a kernel feature space as
calculated by kernel PCA are not required to have pre-images
in the input space.

Insights 1into Chemical Space. An interesting result of the

5 analysis of the present invention 1s that relatively few basis
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molecules (on the order of 3500-1000) were suilicient to
achieve accurate estimation of shape Tanimotos for com-
pounds 1n Maybridge and DUD and that the source of these
molecules (Maybridge, Asinex, or Maybridge Fragment)
made little difference for virtual screening. This finding 1s
paralleled by previous results. Haigh et al. demonstrated that
a reference shape set 01 3119 molecules was suificient 1n their
“shape fingerprints™ approach to reproduce shape Tanimotos
and that these reference shapes were transferable across data-
bases. Fontaine et al. found that a database of 2458 reference
shapes was suilicient to cover the shape space of a one million
compound single-conformer data set in their “alignment
recycling” approach. Thus, our results corroborate past data
showing that, although chemical space 1s very large, the shape
space of relevant drug-like molecules may be fairly small,
with only a few hundred to a few thousand basis shapes
providing adequate coverage of the shape space.
Applications: Fast Library Screening and Clustering with
the Method of the Present Invention. The combination of
learning vectors on a small basis set with fitting of new
vectors 1n linear time using least-squares makes possible
highly accelerated library screening. A target scenario for
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such an application mvolves screening based on a similarity
measure that 1s expensive to calculate relative to the calcula-
tion of a low-dimensional (order of 10 to 100) dot product.
The accelerated screening protocol of the present invention
tollows the steps of method 1100 as shown 1n F1G. 11. At step
1102, molecular data 1s input. At step 1104, the mnput data 1s
split 1into a basis set and a library set where the library set 1s
much larger than the basis set. In an embodiment at step 1104,
500-1000 molecules are selected at random to serve as a basis

set for the larger library. The mvention, however, 1s not lim-
ited to these choices in the number of molecules and other
particular selections. At step 1106, vectors for the basis set are
computed according to the teachings described herein. In an
embodiment, step 1106 1s performed by eigenvalues decom-
position. At step 1108, a sitmilarity 1s computed for the query
molecule versus the basis molecule. In an embodiment, this
computation 1s performed for each similarity search against
the library to learn the vector.

At step 1110, vectors for the hibrary set are computed
according to the teachings described herein. In an embodi-
ment, the library set computed in step 1110 1s performed by a
least squares algorithm.

At step 1112, the present invention then allows for the
quick screening of the query molecule against the full library.
Prior to development of the present ivention, such a tull
library search would have been computationally intractable.

The advantage to the protocol of the present invention 1s
that, after vectors have been inferred for a given library of
molecules, each new screen only requires that the source
similarity measure be run against the basis set, not the whole
library. The majority of the comparisons can be done using
the Tanmimotos from the present invention, which are thou-
sands of times faster to evaluate.

In particular, clustering and other approaches’that require
the computation of a full O(N?) similarity matrix can be
dramatically accelerated by the present invention. Assuming
a library of size N and a basis set of s1ze k (k, N), using method
of the present invention to compute the Tanimoto similarities
for the matrix requires only O(kN) evaluations of the slow
similarity measure, rather than O(N®). Since k can be chosen
as a fixed constant, the method of the present invention 1s
asymptotically faster in slow similarity evaluations than a
straightforward similarity construction by a factor of N/K,
potentially many thousands of times. This, combined with the
asymptotic reduction in storage space required to quickly
retrieve a similarity matrix, demonstrates that the present
invention enables huge reductions 1n computational cost for
large-scale chemical matrix problems.

The heavy computational burden imposed by popular
chemical similarity measures, combined with the growing
s1ze of chemical databases, necessitates faster techniques for
similarity comparison to enable large-scale cheminformatics
analyses. We have described a method for rapid estimation of
chemical similarities that 1s applicable to several popular
similarity measures, 1including ones based on substructure
comparison (LINGO) and three-dimensional shape and
chemical complementarity. The present invention 1s able to
achieve high accuracy with an efficient precalculation proce-
dure and a relatively small molecular basis set. Given precal-
culated molecular vectors, the method achieves several thou-
sand-fold speedup relative to running the source similarity
metric for ROCS. We have further described a method that
allows construction of a molecular similarity matrix (an
important intermediate step 1n several algorithms) with only a
linear number of evaluations of the source similarity measure,
rather than the quadratic number normally required.
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The algorithm of the present invention enables cheminfor-
matics calculations to be performed with asymptotically
lower costs, both in terms of computation (number of slow
similarity evaluations) and storage (keeping molecule vectors
on disk rather than full similarity matrices). As a conse-
quence, the present mvention will allow a new class of
extreme-scale cheminformatics applications combiming very
large data sets with similarity measures formerly considered
inaccessible for large-compound collections.

To be described now are certain details for the testing and
development of the present invention.

Molecular Databases and Preprocessing. The following

databases were used:
Maybridge+BBP: 56,841 of 56,842 molecules from May-

bridge Screening Collection (cromoglicic acid caused
Omega to crash and was excluded)+417 molecules from
a blood-brain barrier penetration data set. Molecules

from Maybridge were provided as 2D SDF files; BBP

molecules were provided as SMILES.
Directory of Usetul Decoys, release 2: 128,371 molecules
provided as 3D MOL?2 files with embedded charges.
Asinex Gold Collection: 233,795 molecules provided 1n

2D SDF format.

Maybridge Fragment Library: 473 molecules provided 1n
3D MOL?2 format with embedded charges.

PubChem Assay #677 (discovery ol novel allosteric modu-
lators of the M1 muscarinic receptor: antagonist confir-
mation screen): 1665 molecules provided in 2D SDF
format.

For standardization, all molecules (even 1f provided with
3D geometry and charge information) were converted to 2D
uncharged OEBinary format using the OpenEye OEChem
toolkit and then processed through the same pipeline. Mol-
ecules consisting of multiple disconnected chains (e.g., acids
with counterions) were reduced to a single chemical chain
using the function “OFTheFunctionFormerlyKnow-
nAsStripSalts” to keep only the largest single chain. Mol-
ecules containing atoms other H, C, N, O, F, 81, P, S, Cl, Br,
and I were excluded, as these are the only atoms allowed in the
MMFF94s force field used by OMEGA. Protonation, tau-
tomer, and stereochemical state (other than invertible nitro-
gens) were maintained as given in the input data.

From the 2D representation, the OpenEye Omega toolkit
was used to build one 3D conformer, using all default settings
except for MaxConiGen=30 and MaxConifs =1. This repre-
sentative conformer was used to assign charges, using the
AMI1-BCC charge model 1n the OpenEye OEProton toolkat.
Final 3D conformers were then built using Omega with the
tollowing parameters:

Bondi van der Waals radii

fromCT=False

EnumNitrogen=T1rue

EnumRing=True

BuildForceField=SearchForceField=mmii94s Trunc

EnergyRange=5.0, 10.0, 15.0, 20.0, 25.0”

MaxConiGen=3000

MaxContRange=>50, 100, 200 (multiconformer molecules
only)

MaxConis=1 (single-conformer molecules only)

Rangelncrement=3

RMSRange=<0.5,0.75,1.0,1.5”

For the Maybridge+BBP data set, both multi-and single-
conformer molecules were built; for all others, only single-
conformer representations were used. These data sets were
already 1n use for other ongoing drug discovery projects and
thus were not rebuilt for this study. All molecule files used as
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input to ROCS, LINGO, ZAP, and the training routines for the
method of the present invention were stored as 3D OEBinary
files.

Software Versions. The Maybridge+BBP data set was pre-
pared using OEChem 1.5.1 for file parsing, OEOmega 2.2.1
for conformer generation, and OEProton 1.2.1 for charge
assignment. All other data sets were prepared using OEChem

1.6.1, OEOmega 2.3.0, and OFEQuacPac (the renamed
OEProton) 1.3.1.

ROCS shape and color similarities were calculated by the
OpenEye OEShape toolkit, version 1.7.0. LINGO similarities
were calculated using OEChem 1.6.1. ZAP ET similarities
were calculated using OEZap 2.1.0.

Benchmarking of similarities of the present invention was
done using an implementation written 1n Python and C, using
Python 2.5.2, Numpy 1.1.0, and GotoBLAS2 1.13. Most
calculations were performed using an older implementation
of the present invention written in pure Python and Numpy:;
performance benchmarking was done using a newer 1mple-
mentation of Tanimotos using the present invention written in
C using GotoBLAS2. C code was compiled using gcc 4.0.1.

Software Settings for Stmilarity Calculations. ROCS shape
and color similarities for all accuracy tests, except the virtual
screening test, were calculated using the Analytic overlap
method, the Implicit Mills-Dean color forcefield, with color
optimization enabled, 1gnoring hydrogens and using exact
atomic radiu1 (rather than coercing all radi1 to the carbon
radius). For each pair of molecules, the best overlay was
chosen from the set of all conformer pairs (for multicon-
former matches) and the ROCS starting positions by selecting
the overlay with the highest Combo score. The shape and
color Tanimoto values from this overlay were used as the
representative Tanimoto values for that particular patr.

For virtual screening, ROCS was run on the DUD mol-
ecules with the Grid overlap method, 1ignoring hydrogens, and
with no color force field (as only the shape Tanimoto was
being approximated).

For the performance benchmark (1n which we measured
the time to construct a representation of a 20,480 molecule
library using the present invention), ROCS/OEShape was run
in Analytic overlap mode with no color force field (shape
only) and with default settings otherwise.

LINGO similanties were calculated using the OELingo-
Sim module 1n OEChem. Aromaticity (using OpenEye aro-
maticity model) and chirality were percerved on molecules
from their 3D structures; LINGO similarities were then cal-
culated based on an 1someric canonical SMILES representa-
tion.

/AP clectrostatic Tanimotos were calculated using the
OEFET module in OEZap. Molecules were first overlaid into
their optimal overlaid pose using ROCS, using the same set-
tings as for shape/color similarity. OEET’s default settings
for Tamimoto similarity were used to calculate the electro-
static similarity, based on the AMI-BCC charges calculated
during molecule setup.

Performance Benchmarking Setup. Performance bench-
marking for ROCS and the present invention was run on a
Mac Pro with 2x3 GHz Quad-Core Intel Xeon CPUs (Core 2
architecture) and 16 GB of DDR2 667 MHz fully buflered
memory, running OS X 10.5.8. Both the ROCS and present
invention benchmarking scripts were written 1n Python and
executed on a 32-bit build of CPython 2.5.2. All benchmarks
were conducted as single-CPU tests.

ROCS was called from within a Python script using the
OpenEyve OEShape toolkit, and greater than 97% of the
execution time was spent 1nside the OEBestOverlay.Overla
tfunction (which calculates the optimal overlap).
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Operations of the present invention, other than Tanimoto
calculations, were performed using standard operations 1n
Numpy 1.1.0, as downloaded in bmary form from
numpy.scipy.org. The C module for Tanimoto calculation
according to the present invention was built against Goto-
BLAS2 1.13, using gcc 4.0.1 with the following perfor-
mance-relevant compiler options: g++-arch 1386-1nostrict-
aliasing- Wno-long-double-no-cpp-precomp-ino-common-
DNDEBUG-msse-msse2-msse3-march=core2-
mipmath=sse-03. Tamimoto calculation times for the present
invention were computed over 4096x262,144 Tanimotos, cal-

culated 1n blocks of 4096x32,768, 1n 64 dimensions.

The present invention 1s not limited to performing molecu-
lar similarity calculations. Instead, the present invention can
be generally applied to situations where similarities may exist
and where similarity measures are or can be calculated, for
example, using Tanimotos as discussed herein. For example,
the teachings of the present invention can be used in applica-
tions for string searches or data mining.

It should be appreciated by those skilled 1n the art that the
specific embodiments disclosed above may be readily uti-
lized as a basis for moditying or designing other similarity
measuring algorithms. It should also be appreciated by those
skilled 1n the art that such modifications do not depart from
the scope of the invention as set forth in the appended claims.

What 1s claimed 1s:

1. A computer-implemented method for estimating simi-
larities comprising;:

receving, by a computer, a set of data;

dividing, by the computer, the set of data into a first subset

and a second subset, wherein the second subset 1s larger
than the first subset;

computing, by the computer, similarity calculations for

cach element of the second subset and the elements of
the first subset;

computing, by the computer, an approximation matrix

from the computed similarity calculations;

generating, by the computer, a similarity measure for a

query element based on the approximation matrix.

2. The method of claim 1, wherein the set of data includes
chemical molecular data.

3. The method of claim 1, further comprising computing,
by the computer, similarity calculations for pairs of the first
subset.

4. The method of claim 3, wherein correction factors are
applied to the similarity calculations for pairs of the first
subset.

5. The method of claim 3, further comprising converting,
by the computer, results of the similarity calculations to an
inner product matrix of the first subset.

6. The method of claim 5, further comprising diagonaliz-
ing, by the computer, the first subset inner product matrix to
generate a vector approximation of the first subset.

7. The method of claim 1, further comprising converting,
by the computer, results of the similarity calculations to an
inner product matrix of the second subset.

8. The method of claim 7, further comprising generating,
by the computer, a vector approximation of the second subset.

9. The method of claim 8, wherein the second subset vector
approximation 1s computed by a least squares method.

10. The method of claim 1, wherein the approximation
matrix 1s further computed from a first subset vector approxi-
mation and a second subset vector approximation.

11. The method of claim 1, wherein the set of data includes
text data.
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12. A method for estimating similarities comprising;:
receiving, by a computer, a set of data;

dividing, by the computer, the set of data 1nto a first subset
and a second subset, wherein the second subset 1s larger
than the first subset;

computing, by the computer, a first subset vector approxi-
mation;

computing, by the computer, a second subset vector
approximation; and

computing, by the computer, a query for a first element of

the second subset against the first subset vector approxi-
mation.

13. The method of claim 12, wherein the set of data
includes chemical molecular data.

14. The method of claim 12, further comprising comput-
ing, by the computer, similarity calculations for pairs of the
first subset.

15. The method of claim 14, wherein correction factors are
applied to the similarity calculations for pairs of the first
subset.
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16. The method of claim 14, further comprising converting,
by the computer, results of the similarity calculations to a first
subset inner product matrix.

17. The method of claim 16, further comprising diagono-
lizing, by the computer, the first subset inner product matrix
to generate the first subset vector approximation.

18. The method of claim 12, further comprising comput-
ing, by the computer, similarity calculations for the first sub-
set and converting its results to a second subset inner product
matrix.

19. The method of claim 18, wherein the second subset
vector approximation 1s generated from the second subset
inner product matrix.

20. The method of claim 12, wherein the second subset
vector approximation 1s computed by a least squares method.

21. The method of claim 12, further comprising comput-
ing, by the computer, an approximation matrix from the first
subset vector approximation and the second subset vector
approximation.

22. The method of claiam 12, wherein the set of data

20 1ncludes text data.
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